Experimental data on spatial and temporal distributions of mosaic clones in Drosophila wing imaginal disc were analyzed. Long-lived proliferation centers (PR1, PR2, and PR3) and areas with decreased proliferation activity were found in the notum region of the disc. Simulation of the growth kinetics of mosaic patches demonstrated that the cell cycle in proliferation centers PR2 and PR3 was shorter than the average cycle in the disc and in the center PR1. A nonrandom clustering of rapidly dividing cells was observed in the PR2, but not in the other cases. The reason why the cell-cycle duration and the clustering of dividing cells may not coincide is discussed in terms of the recruitment of nondividing cells into the cell cycle. The simulation of the time course of the first and second moments of the size distribution of mosaic clones allowed the variance of cellcycle progression rates to be determined and demonstrated that a model with a continuous cell-cycle rates gave a better fit to the data than the transition probability model of Smith and Martin.
Introduction
The discovery of the compartment organization of Drosophila imaginal discs, which was carried out using mosaic clones, demonstrated the great utility of the study of mosaic clones in developmental biology (Garcia-Bellido et al, 1973 ). An equally important application of genetic mosaicism was the construction of the so-called fate maps (Garcia-Bellido and Marriam, 1969) . In the fate mapping of blastoderm cell groups, a distance, defined as the probability of a mosaic patch boundary separating two structures, is used. The earliest data on the parameters of Drosophila cell cycle were also obtained through analyzing the growth of mosaic patches induced at different time points in development and recorded in the cuticle of adults (Garcia-Bellido and Merriam, 1971 ). In the mid-1990s, there was a revival in interest in mosaic clones in developmental research, as it was demonstrated that this type of analysis allowed proliferation centers, and the role of wing veins in their demarcation, to be detected (Gonzalez-Gaitan et al, 1994) . In addition, the system {hsFLP; Act-FRT-LacZ}, allowing mosaic clones to be visualized at any moment during development, appeared; this allowed the directed cell allocation in the wing disc to be demonstrated (Milan et al, 1996b) . The goal of the current work is to improve the analysis of mosaic clone distributions as a tool for research into cell proliferation.
Materials and methods
A Drosophila line carrying a P element with b-galactosidase reporter gene separated from constitutive actin promoter with a cassette of FRT sites, P{Act5C(FRT. polyA)lacZ.nls1} (Struhl and Basler, 1993) , was obtained by courtesy of these authors. As the localization of the insertion was unknown, we localized it on the map of the polytene chromosomes, to the region 82C. In this experiment, the vector Carnegie-20, containing the sequence of the ry þ gene, as does the construct P{Act5C(FRT.polyA)lacZ.nls}, was used as a hybridization probe. The probe was labeled using a Gibco BRL kit for nick-translation and hybridized to the preparation as described in Gell and Pardue (1971) at 371C.
The line w hsFLP, carrying an inserted P element with the gene for FLP recombinase under the control of a heatshock promoter, was obtained by courtesy of Dr S Nokkala, University of Turku (Finland). To stain the cells for the activity of reporter b-galactosidase, organs were isolated in Hank's solution, fixed for 20 min in 0.75% glutaraldehyde in 0.1 M sodium-cacodylate buffer, and the fixer was washed off in PBS. The organs were then placed into the staining solution (10 mM NaH 2-PO 4 Â 2H 2 O/Na 2 HPO 4 Â 2H 2 O, pH 7.2; 150 mM NaCl; 1 mM MgCl 2 Â 6H 2 O; 0.3% Triton X-100; 3.1 mM K[Fe II (CN) 6 ]; 3.1 mM K 3 [Fe III (CN) 6 ]; and 0.2% X-gal) and kept overnight. To generate mosaic clones, {Act5C.FRT.LacZ} females were crossed with y w hsFLP males. The resulting progeny were heat-shocked (30 min at 371C) at the larval stage, and female larvae that immobilized on the tube walls for pupation were picked at different intervals. Therefore, the time between the clone induction and the end of third larval instar was recorded in each case. The mosaic clones produced were photographed using an NU-2 microscope equipped with a Kodak-290 digital camera at a resolution of 1440 Â 580 pixel in a monochromatic light (656 nm), obtained using an interference filter. According to our measurements, the maximum absorption of the stained product in the reaction of X-gal and b-galactosidase is in this spectral region. The mosaic clones located at different depths were summed, because peripodial membrane cells, which are the source of some clones, are significantly lower in number than columnar epithelial ones.
Digital images of imaginal discs with stained clones were projected onto the map of wing imaginal disc (Figure 1 from Modollel and Campuzano, 1998) . The authors are grateful to J Modollel for permission to use this figure in our work. The number of cells of each mosaic clone was estimated from its area in the digital image. The cell counts were verified by experiments involving the simultaneous staining of mosaic patches as described above, and staining nuclear DNA with Hoechst 33258 (1 mg/ml in PBS for 30 s). The luminescence of nuclei was examined using an Olympus microscope. The mitotic index was calculated as the number of metaphases per 1000 cells.
Mitotic chromosome preparations used in the experiment to study the effect of heat shock on the cell cycle and the preparations for in situ hybridization were carried out as described in Omelyanchuk et al (1997) .
Results

Localized proliferation
Mosaic clones were generated by heat shock at various time points before completion of the third larval instar. To determine the time of heat shock more precisely relative to the end of the third larval instar, larvae that crawled out onto the tube walls for pupation at various intervals after the heat shock were used. The data on the localization of one-cell clones induced at different time points of development are summarized in Figure 1 . It is evident that these mosaic patches cover the entire disc in a uniform manner, that is, any variation with position in the disc in the efficiency with which mosaic clones are induced must be slight, at most.
The distribution of two-cell clones, that is, clones where a parental cell has progressed through one division after its induction is summarized in Figure 2 .
Comparison of the pattern with that in Figure 1 indicates that the distribution of dividing cells is less uniformareas of the clustering are evident in Figure 2 -along with rather large regions that have been free of cell divisions during the developmental period in question. These latter regions are predominantly localized to the future wing area and are likely to reflect the zone of nonproliferating cells (ZNC), localized on the dorsal/ Figure 1 Localization of one-cell clones in the wing imaginal disc (total data on all the time points). Bryant, 1985; Johnston and Edgar, 1998) .
To detect the regions with a long-term increased mitotic activity, we analyzed the distribution of clones containing two or more cells over the disc surface at different times of mosaic clone induction. For this purpose, the imaginal disc map on which was plotted localization of the clones was divided into square sectors with a linear size of 1/20 of its largest axis and the number of clones was estimated in each square. The position of a square sector was sequentially shifted by 1/ 3 of its edge until the entire map of the disc had been included. The clone distribution was assumed to be Poisson with m ¼ m Â ds/S, where m is the total number of clones induced at a particular developmental stage; S is the area of disc map; and ds is the area of a square (ds/ S ¼ 0.0055). In the squares displaying considerably higher counts of clones, k, than the average number of clones per square, the probability of this excess of clones appearing randomly was estimated as
The squares displaying P(k)o0.005 were considered to contain nonrandomly large clusters of clones and are shown in Figure 3 . The groups of overlapping squares were assumed to be long-lived proliferation centers. As a result of this analysis, three proliferation centers, designated as PR1, PR2, and PR3, were found.
Similarly, nonrandom clusters of clones with slowly dividing cells were detected. One-and two-cell clones induced 24À28 h (the maximal periods considered) before the end of the third larval instar were considered. No one-cell clones were found among those induced 28 h before the end of the third instar, suggesting that the number of imaginal disc cells leaving the cell cycle is rather small, if they do it at all. This also means that it is adequate to consider one-cell clones as the clones containing slowly proliferating cells. The square sections containing clusters of slowly dividing clones are shown in Figure 4 . It is evident that the proliferation centers PR1 and PR2 are adjacent to patches of slowly dividing cells.
Projection of the map onto the map of presumptive rudiments of the wing imaginal disc (Bryant, 1975) demonstrates that the proliferation center PR2 is located between a pair of presumptive notopleural (NP) bristles and a pair of presumptive supraalar (SA) bristles. On the map of imaginal disc, the line between NP structures and the line between SA structures form an angle of 451. However, these lines on the adult cuticle are almost parallel. This indicates that the role of the proliferation center PR2 and the overlapping center of slow prolifera- Mosaic analysis of the cell proliferation T Dubatolova and L Omelyanchuk tion in rotating these structures relative to each other. We assume that the roles of PR1 and PR3 in turning the SA and postalar bristle (PA) structures are similar.
The proliferation centers PR1, PR2, and PR3 were then characterized according to the degree of clustering of rapidly dividing cell clones. For this purpose, the clones containing the highest cell numbers for the 12À28 h time points were plotted on the map of imaginal disc. The clones that are among the 5% largest in the clone size distribution were considered to be large. The distribution pattern of the large clones relative to the proliferation centers in question is shown in Figure 5 . The probabilities of the numbers of rapidly dividing clone clusters observed to appear in the regions PR1, PR2, and PR3 were calculated based on a Poisson distribution of the clones over the disc surface. The probabilities were 0.062, 1.128 Â 10 À7 , and 0.073, respectively. Thus, it is evident that the clustering of the rapidly dividing clones in PR2 is nonrandom, whereas the corresponding probabilities for PR1 and PR3 show no evidence of nonrandomness.
Rate of cell division
In this experiment, clones of different sizes were counted, as a function of the time when they were induced relative to the end of the third larval instar.
The relationship between the numbers of clones of different sizes and the time of induction is shown in Figure 6 . It is evident that the maximal total count for all the clones, summing across the size classes is reached at 14 h. Clearly, the rise of these curves results from the fact that certain time is required for protein synthesis, to detect the reporter b-galactosidase activity. This interpretation is in agreement with the data on growth time course of the clones (see below). There is another cause of the growth observed, namely, the activation of mitoses upon unblocking the cell cycle, which had been blocked by the heat shock used to induce the clones (see below).
The effect of heat shock on the time course of clone growth has rather a complex character (see below). Consequently, we searched for a region on the curves displaying an exponential growth of the average clone size, typical of a normal wing development (GarciaBellido and Merriam, 1971) . For this purpose, an average size of the mosaic clone at each time point M ¼ M(t) was calculated from the weighted numbers of mosaic clones of different size classes:
where r i is the frequency of a clone of i-size class and 1, 2, 3, 5, 8, 10, respectively, are the average cell numbers within clones of a given size classes.
The resulting dependencies M(t) for the entire disc; proliferation centers PR1, PR2, and PR3; and slow proliferation regions PL1, PL2, and PL3 were approximated by the curve exp a(tÀt 0 ). The parameters a and t 0 correspond to the cell generation time (1/cell-cycle duration) and to the time required for an exponential mode of clone growth to be reached (when the average clone size equals unity). These parameters were determined by computer fitting of the theoretical curve to experimental plots. The optimization results are listed in Table 1 . 
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The data listed demonstrate that the time required for reaching an exponential cell proliferation mode determined by the optimization in no case exceeds 18 h, that is, the region of exponential growth was selected correctly. The time required for reaching a stationary growth mode corresponds to the time point when an inhibiting effect of heat shock on proliferation expires. It is evident that the cell generation times in the proliferation centers PR2 and PR3 are somewhat shorter compared to the average time for the disc; in the centers of slow proliferation, PL1, PL3, cell generation times are slightly longer than the entire disc average.
Dispersion of cell-cycle rates
Studies of the growth rates of mosaic patches and the rates of accumulation of BrdU label in, and disappearance from, wing imaginal disc chromosomes have demonstrated an intrinsic variation in the cell-cycle rate (Milan et al, 1996a; Tsuji and Tobari, 1980) . However, the analyses performed in these works failed to show the range of cell-cycle rate variation in the tissues considered. The goal of this work was to determine the range of the rate variation based on the data on the time course of mosaic clone growth. In addition, we tried to answer the question as to whether the cell-cycle model of Smith and Martin (1973) was capable of an adequate description of the experimental data obtained.
As was demonstrated above, the exponential growth of mosaic clones in our experiments was observed within the time range of 18À28 h. The mean size of mosaic clones (see above) was calculated as well as its mean square M2(t) (the designations are similar to those used above)
The mean size of the clone growing with the rate a equals N1(t) ¼ exp(at) (the mean size equals unity at t ¼ 0). The study of clone size variation in the clones induced in the wing disc at the end of second instar and the clones induced in the middle of third instar show an essential similarity in their distributions (Gonzalez-Gaitan et al, 1994) , and give grounds for introducing a function r(a) -defined as the relative number of cells with proliferation rate a, that is, at the start of exponential growth. The integration of this function between the maximal (a max ) and minimal (a min ) proliferation rate is assumed to give unity. The function is assumed to be constant over the studied time interval.
If a rate distribution r(a) exists, the mean clone size and its second moment are determined as
The normal distribution r(a) ¼ exp((aÀa 0 ) 2 /D) truncated by the value which we call r(a max ) and thereby deprived of infinite 'tails', and normalized to unity, was selected as a model distribution. The corresponding data from Table 1 were taken as the clone growth rates of the overall imaginal disc and proliferation centers; as the starting point of time count in N 1 (t) and N 2 (t), the t 0 value for the whole disc was taken from Table 1 . The best fitting of theoretical to experimental plots (Figure 7a and b) was observed for D values exceeding a max . The curve shape under these conditions ceases depending on D. Thus, the curves considered actually have two adjustment parameters -a and a max -for fitting the theoretical curve to experimental. The values obtained from these parameters are listed in the last columns of Table 1 . It is evident that the fitting performed has no significant effect on these parameters.
In the transition probability model of SmithÀMartin, the initial part of the cells generation time distribution (measured as the number of cells remaining in interphase, as a function of time in initially synchronized cell population, or alternatively the cells distribution over intermitotic time being revealed in a time-lapse cinematography experiments) is represented by a plateau (no cell exits the cell cycle before the time point T 0 ); then cells commence leaving the cell cycle according to the time Mosaic analysis of the cell proliferation T Dubatolova and L Omelyanchuk dependence exp(ÀgT), where 1/g is a characteristic time of the stochastic transition, localized to G1, postulated in the model (Smith and Martin, 1973) . Using the above equations for this case, we obtain the following equations for N 1 and N 2 for the model of Smith-Martin
where t 0 is the time point at which the mean clone size equals unity (see Table 1 ). In this case, the minimal duration of cell cycle T 0 and the parameter g, characterizing the rate of stochastic transition, are fitted parameters. These parameters are similar to the parameters a and a max in the model of a truncated normal distribution (in our model of a continuous cell-cycle rate distribution above). The integration in the formulas is performed over the parameter T characterizing cells, proceeding to the postulated transition at a time T. Fitting of the mean clone size versus time and mean square clone size versus time curves, using both the model of a truncated normal distribution and that of Smith-Martin (with the optimal parameters T 0 ¼ 6.8 h g ¼ 0.33 l/h) to the experimental plots for the overall imaginal disc is shown in Figure 7a and b. The deterministic model with the distributed cellcycle rate has a better w 2 agreement with the experimental data than the Smith and Martin transition probability model.
Heat shock
The dependence of mitotic index of the wing imaginal disc cells on the time period between the heat shock and chemical fixation of the disc is shown in Figure 8 . A drastic decrease in the mitotic index during 2À8 h, its elevation during 12À16 h, and stabilization during 16À28 h are evident. Thus, heat-shock results in a transient slowdown of the cell cycle, presumably while progressing from the stage G1 to S, although the data obtained fail to determine unambiguously the checkpoint underlying this retardation.
Discussion
Mosaic clones are traditionally used as a tool allowing cell proliferation to be studied. Recording of the shape, size, and position of mosaic clones on adult cuticle resulted in the discovery of the proliferation centers in wing imaginal disc and their topographical localization in intervein regions (Gonzalez-Gaitan et al, 1994) . However, the time of clone induction in this approach is considerably earlier than the time when these clones are observed, preventing any detailed study of clone proliferation. In this work, we used the mosaic clones induced by excision of the FRT cassette, which, in turn, resulted in the marking of a particular cell and its progeny with b-galactosidase activity. This approach allows the moments of clone induction and of clone observation to be made considerably closer together in time.
The distribution of mosaic patches over the wing imaginal disc surface is uneven. We discovered nonrandom clusters of clones in the notum region. However, the anticipated (Gonzalez-Gaitan et al, 1994) intervein proliferation centers of the wing were not found. We believe this to be a consequence of the extremely small size of these intervein centers at the developmental stage under study.
The proliferation centers discovered are adjacent to regions of nonrandomly slow proliferation. On the map of wing imaginal disc presumptive rudiments, pairs consisting of a proliferation center next to a region of slow proliferation are localized to the regions displaying the most pronounced angular displacement in the course of development. Presumably, the function of the gradients of relative growth observed is in the creation of these displacements.
The analysis of the growth curves of average-sized clones over the entire disc allowed us to determine the average cell-cycle duration in this organ, which was 9.6 h. A value of 8.5 h was found in earlier work analyzing the growth rate of mosaic clones recorded on the adult cuticle (Garcia-Bellido and Merriam, 1971) . This discrepancy may be explained by the averaging of the cell-cycle duration over many developmental stages, used by Garcia-Bellido and Merriam, whereas, in our approach, the cell-cycle duration is averaged over the last 10 h of the third larval instar, which is close to the duration of one cycle. On the other hand, the duration of cell cycle assessed based on mosaic clone growth rates induced in the wing imaginal disc 48 h AED (after egg deposition) and recorded 120 h AED (Jonston et al, 1999; Datar et al, 2000) amounted to 12.9 and 12 h, respectively. In these cases, the heat-shock duration used (1.5 h) was three-fold longer than the heat shock we applied. Hence, the 12-h arrest of the cell cycle we noted (Table 1, Figure 8 ) would have taken place in these experiments. The correction of the data reported in Jonston et al (1999) by the inclusion of this period makes the cell-cycle duration estimated from their data equal to 9.7, which almost exactly coincides with our result.
In an earlier study, we found the cell-cycle duration in neural ganglia of third instar larvae to be 9 h using the technique of labeled mitoses (Trunova et al, 1998) ; this duration is close to the estimate obtained in this work. The duration of cell cycle in leg imaginal disc determined 96 h AED amounts to 7 h (Sustar and Schubiger, 2002) Mosaic analysis of the cell proliferation T Dubatolova and L Omelyanchuk and, at later stages, 12 h. As the developmental period studied (96 h AED) corresponds to the end of the time period considered in this work, a cell-cycle duration of 9.6 is not inconsistent with these data.
According to the data listed in Table 1 , the mean cellcycle duration, amounting to 9À10 h, varies in a narrow range. However, the proliferation centers PR2 and PR3 display shorter cell cycles: 8.1 and 8.8 h, respectively. The observed clustering of quickly dividing clones in the proliferation center PR2 agrees well with the cell cycle actually being shortened in this region. On the other hand, the center PR1 was found as the region displaying a clustering of dividing cells; however, no cell cycle shortening or clustering of quickly dividing cells was observed. These features of PR1 may indicate that not only a shortening of the cell cycle but possibly also the recruitment of previously nondividing cells into the cell cycle are involved in the regulation of the cell proliferation rate in proliferation centers.
Smith and Martin proposed a transition probability model through analyzing the data from time-lapse cinematography of normal and transformed cells in cell culture (Smith and Martin, 1973) . This model implies the presence of additional stochastic phase in G1 along with the deterministic phase corresponding to S, G2, M, and the remaining part of G1. The deterministic phase corresponds to a constant rate of progression of the cells through the cell cycle, whereas the stochastic phase is described as a monomolecular reaction in chemical kinetics, that is, the probability of a cell not having left the stochastic phase decreases exponentially with time. Smith and Martin demonstrated that it was the stochastic phase that determined the dispersion of cell-cycle duration, whereas the variation in the rate of deterministic phase progress amounts to only 10% of its duration (Smith and Martin, 1973) .
Smith and Martin model considered here has sound experimental confirmation (Robinson et al, 1976; Shields, 1978; Shields et al, 1978; Ronning and Seglen, 1982; Rabinovich, 1983 ) and served as a basis for theoretical models describing the curves of labeled mitoses (Cain and Chau, 1997) . We have demonstrated that the model of Smith and Martin is less accurate in describing our experimental data than is our model ascribing the major role in the heterogeneity of proliferation rates to the dispersion of the rates of cell-cycle progression in a deterministic phase. This means that either the phenomenon of stochastic phase is limited to cell culture or this phase is described by a set of constants rather than by one constant.
